Piezoceramic patch sensors have to withstand the primary stresses and strains of a structure during operation. In the leading project 'Adaptronics' a lifespan of 10 6 cycles at 0.1% strain was required for sensors applied on components of steel and carbon fibre reinforced plastic (CFRP). In order to test the reliability of the patches themselves and of their adhesion on the substrate, special four-point bending tests were carried out under quasistatic loading and under cyclic loading at different strain levels. The specimens consisted in sheets of steel and CFRP as substrates on which the newly developed patches with embedded piezoelectric foils and fibres were glued. In the quasistatic bending tests the performance of each sensor was characterized by measuring the sensor signal (charge) as a function of strain before and after cycling. Damage of the specimens would result in a decreasing slope of the charge-strain-curve after cycling. However, all the specimens tested survived 10 7 cycles up to 0.12% strain without marked loss of performance.
Piezoceramic patch sensors
The structures of the two sensor types investigated are schematically shown in figures 1 and 2. The sensors with embedded piezoceramic foils and fibres of the PZT (lead-zirconate-titanate) system were developed and realized by DLR in Braunschweig and by Fraunhofer IFAM in Bremen [Ges00, Ges02] , respectively. The manufacture of the PZT-foil sensors is described in more detail in an accompanying article of this issue [Wie03] .
Experimental investigations by four-point bending tests

Test method
To investigate the reliability of patch sensors special four-point bending tests were carried out. The set-up and the dimensions are schematically shown in figure 3.
The four-point bending arrangement which was proposed earlier [Poi99] has a high relevance in practice. If the PZT patches are placed in the middle of the substrate between the two inner loading rollers a constant axial strain arises in the whole sensor. Therefore, the correlation between strain and lifetime is independent of the dimensions of the sensor. Accordingly, the results obtained for different strain levels can be easily transferred to complex structures. Furthermore, in these specimens the load transfer from substrate to sensor occurs by the adhesive, similarly as in a real application. Because of the simple loading conditions the bending test also has a high potential for investigating environmental influences, e.g. temperature and corrosive atmospheres. patches were also used. In each case the patch sensor is placed in the middle of the sheet parallel to the axis, and the adhesive technology developed and optimized for the demonstrator components in the 'Adaptronics' project was used (the patches were glued by a standard epoxy on the substrates and cured at a temperature of 80
Preparation of specimens
• C in vacuum for 30 min). Table 1 summarizes the specimen types investigated, the number of experiments each and the applied strain levels. All combinations of substrate materials and patch sensors to be found in demonstrator components in the 'Adaptronics' project were investigated under cyclic loading. The reasons for these extensive tests were the following:
Test programme
(1) different patches could have different lifetimes; (2) the adhesive strength between the different substrates and sensors could also differ; (3) to find the load limits a gradual increase of the strain level was necessary-the maximal strain amplitude applied was 0.2% because at this level a slight loss of performance was already observed; (4) the maximum strain for specimens with steel substrate was 0.12% because plastic deformation of the steel is expected at higher strains. This could result in undesirable influences on the loading conditions during cycling.
Execution of the tests
All experiments were performed in air at room temperature in three steps:
(1) quasistatic preloading of the specimens up to a maximum load in the range of the later cyclic amplitude to document the state as delivered; (2) cyclic loading to simulate fatigue (10 7 cycles at different loading levels) and after that (3) quasistatic loading similar as in (1) to check whether any damage occurred and compare the performance of the sensors before and after cycling.
From the data recorded two curves, 'load over strain' and 'charge over strain' (figures 6 and 7), were plotted. Changes in the slopes of the respective curves after cycling should indicate damage. Electrical damage (e.g. depolarization, disconnection of electrodes) should be identified by a reduced slope of the charge-strain-curve. Mechanical damage (e.g. cracks in the substrate, sensor or adhesive) should lead to a reduced slope of the load-strain-curve as well. 
Results
In the following the results of all tests listed in table 1 are summarized and discussed by means of a typical example.
(1) The adherence between both substrates (steel and CFRP) on the one hand and both sensor types on the other hand withstands all the quasistatic and cyclic loads applied. No debonding was visible in a stereo microscope. Figure 5 also demonstrates that the sensor strongly adhered to the steel substrate, even after an extreme plastic deformation by quasistatic overloading. (2) At the relatively small amplitude of 0.05% strain neither the load-strain-curves nor the charge-strain-curves show any changes after 10 7 cycles. (3) At the higher level of 0.12% strain only 30% of the PZTfibre sensors showed a slight reduction in performance after cycling as is illustrated by the example in the chargestrain-curve in figure 6(a) . However, all the load-straincurves were unchanged within experimental uncertainty. Furthermore, all PZT-foil sensors and the remaining 70% of the PZT-fibre sensors survived 10 7 cycles at this level without any damage (figures 6(a) and (b)). (4) After 10 7 cycles at the highest strain level of 0.2% all slopes of the charge-strain-curves were slightly reduced as shown for a PZT-foil sensor in figure 7(a) . Unfortunately, from the two PZT-fibre sensors tested at this level no charge-strain-curves after cycling exist. The load-straincurves of both types of sensors are unchanged in all the experiments carried out with 0.2% strain amplitude ( figure 7(b) ). Therefore it can be assumed that only insignificant damage occurred, which seems rather to be caused by an electrical or mechanical defect in the sensor than by mechanical deterioration in the substrate or interface.
Summary
Reliability tests were carried out on the piezoelectric patch sensors newly developed in the leading German project 'Adaptronics'. These investigations show that an important specification established during the project, that is the survival of the patches after 10 6 cycles at 0.1% maximum strain, is achieved. All the specimens tested even survived 10 7 cycles at 0.12% maximum strain without marked loss of performance. Although after 10 7 cycles at the highest strain level of 0.2% a slight reduction of performance was detected in the charge-strain-curves, the load-strain-curves of all specimens investigated remained unchanged. Therefore, it can be assumed that only insignificant damage occurred. The performance loss might be caused by minor electrical or mechanical defects, in the sensors rather than in the substrates or interfaces. This is also confirmed by microscopical investigations of the specimens after cyclic loading.
Furthermore, these findings agree well with the results of quasistatic tensile tests of pure PZT-patches carried out earlier in the project. Here, the measured charge-straincurves were approximately linear up to about 0.2% strain. Above that a remarkable reduction of the charge signal was observed whereas the mechanical failure (fracture) of the sensors occurred only above 0.4% strain.
Even though the responsible damage mechanisms have not yet been investigated in detail, the results presented here document that the special four-point bending tests are well suited for reliability investigations of the patch sensors. The existing results represent a useful basis for future investigations of the specific processes involved in the cyclic fatigue of PZT patches.
